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Energe t ic  protons from a n u c l e a r  a c c e l e r a t o r  can be  used t o  provide 
q u a n t i t a t i v e  a n a l y s i s  f o r  most e lements  from L i  t o  Pu. The sample i s  prepared as a 
t h i n  f i l m  and bombarded wi th  protons t o  produce monoenergetic x rays  and y rays 
from a l l  e lements  i n  t h e  sample. 
devices  a r e  used t o  d e t e c t  x rays  and y rays ,  r e s p e c t i v e l y .  
r a d i a t i o n  i d e n t i f i e s  t h e  element and t h e  i n t e n s i t y  determines t h e  c o n c e n t r a t i o n  o f  
t h e  element i n  t h e  sample. A PDP 15/45 on- l ine  computer i s  used t o  process  d a t a  
from one sample whi le  d a t a  i s  be ing  accumulated from t h e  next  sample. The a n a l y s i s  
r e s u l t s  a r e  a v a i l a b l e  from t h e  computer a t  approximately t h e  same t i m e  t h a t  new 
d a t a  accumulation i s  f i n i s h e d .  

Energy s e n s i t i v e  S i -Li  and Ge-Li semiconductor 
The energy o f  t h e  

Proton e x c i t a t i o n  provides  b e t t e r  s e n s i t i v i t y  than  e l e c t r o n  e x c i t a t i o n  
because t h e  y i e l d  of c h a r a c t e r i s t i c  x rays  compared t o  background r a d i a t i o n  i s  
h igher .  
can be obta ined  f o r  a much l a r g e r  group of elements i n  a s i n g l e  measurement. I n  
a d d i t i o n ,  t h e  l i g h t  e lements  L i ,  B ,  F ,  N a ,  Mg, A l ,  and S i  can  be d e t e c t e d  by y- ray  
emission fol lowing n u c l e a r  e x c i t a t i o n .  

Protons have an advantage over  x-ray e x c i t a t i o n  because good s e n s i t i v i t y  

The broad e lementa l  range of  Proton Induced X-ray Emission (PIXE) occurs  
because t h e  product ion of  c h a r a c t e r i s t i c  x rays  i s  very l a r g e  i n  t h e  energy r e g i o n  
where t h e  background r a d i a t i o n  i s  maximum. 
r a d i a t i o n  comes from showers of e l e c t r o n s  which a r e  r e l e a s e d  when a pro ton  s t r i k e s  
t h e  t a r g e t .  These e l e c t r o n s  s t o p  i n  t h e  t a r g e t  and produce a cont inuous x-ray 
spectrum c a l l e d  Bremmstrahlung o r  brak ing  r a d i a t i o n .  The Bremsstrahlung i n t e n s i t y  
decreases  r a p i d l y  a s  a f u n c t i o n  of  energy and i s  e s s e n L i a l l y  n e g l i g i b l e  above 10 
keV f o r  4 M e V  i n c i d e n t  protons.  The background a t  h igher  energy i s  p r i m a r i l y  due  
t o  nuc lear  y rays  which o c c a s i o n a l l y  i n t e r a c t  wi th  t h e  x- ray  d e t e c t o r .  
p r o b a b i l i t y  f o r  K x-ray emission a l s o  decreases  with t h e  atomic number of  t h e  
element ,  b u t  t h e  x ray  y i e l d  i s  s t i l l  s a t i s f a c t o r y  up t o  t h e  r a r e - e a r t h  e lements  
because t h e  background i s  so small .  Elements h e a v i e r  than La a r e  d e t e c t e d  by L 
x r a y s .  The L x-ray y i e l d s  f o r  t h e  r a r e - e a r t h s  are good but  t h e i r  energy f a l l s  i n  
t h e  region of r e l a t i v e l y  h igh  Bremsstrahlung so t h e  s e n s i t i v i t y  i s  poorer  than f o r  
o t h e r  reg ions .  For  h e a v i e r  elements t h e  L x rays occur  above t h e  Bremsstrahlung so  
t h e  s e n s i t i v i t y  i s  a g a i n  e x c e l l e n t .  The background i n  t h e  y- ray  d e t e c t o r  depends 
on t h e  major components i n  t h e  sample. For example, l a r g e  q u a n t i t i e s  of Na o r  Cu 
i n  t h e  sample can  produce r e l a t i v e l y  i n t e n s e  y- ray  background. 

The primary s o u r c e  of  background 

The 

Sample prepara t ion .  S o l i d  samples are u s u a l l y  ground t o  a f i n e  powder u s i n g  
Agate components i n  a v i b r a t i n g  m i l l  o r  a mor ta r  and p e s t l e .  A few mi l l ig rams o f  
t h e  f i n e  powder i s  placed on a t h i n  p l a s t i c  f i l m  (2 .5  x mm t h i c k )  and weighed 
wi th  a micro-balance. A few drops of l i q u i d  p l a s t i c  a r e  added and t h e  sample i s  
s t i r r e d  with a p l a s t i c  rod t o  make a uniform suspension of  t h e  f i n e  powder. When 
t h e  p l a s t i c  s o l v e n t  evapora tes ,  t h e  sample is f i rmly  a t t a c h e d  t o  t h e  backing i n  a 
l i g h t  weight mat r ix .  The sample uniformly covers  a 16 mm d iameter  c i r c l e .  The 
p l a s t i c  f i l m  wi th  sample i s  mounted i n  a 35  nun photography s l i d e  frame. 
i s  n o t  damaged i n  t h e  bombardment so it can  a l s o  be s t u d i e d  with o t h e r  techniques .  
Thin samples a r e  p r e f e r a b l e  t o  minimize x- ray  absorp t ion  and t o  avoid c o r r e c t i o n s  
due t o  slowing down of  t h e  protons i n  t h e  sample. However, t h i c k  s o l i d  samples can 
be analyzed wi th  s l i g h t l y  poorer  s e n s i t i v i t y  and accuracy.  M a t e r i a l s  desolved i n  
an aqueous sample can a l s o  be depos i ted  on  t h i n  f i l m s  f o r  a n a l y s i s .  

The sample 

Targe t  bombardment chamber. The pro ton  beam passes  through a 2.5 x lom3 mm 
A 1  f o i l  loca ted  3 meters  i n  f r o n t  of t h e  t a r g e t  t o  d i f f u s e  t h e  beam and ensure  t h a t  
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t h e  proton bombardment i s  uniform over  t h e  t a r g e t  a r e a .  The beam i s  r e s t r i c t e d  
wi th  a s e r i e s  of c o l l i m a t o r s  t o  ensure  t h a t  t h e  protons can only  s t r i k e  t h e  sample 
and t h e  t h i n  s u p p o r t  f i lm.  Carbon o r  p l a s t i c  f i l m s  a r e  used t o  cover  a l l  meta l  
p a r t s  of t h e  chamber t h a t  might be  s t r u c k  by protons s c a t t e r e d  from o r  pass ing  
through t h e  t a r g e t .  Bombardments a r e  performed i n  vacuum. Eighty  t a r g e t s  a r e  h e l d  
i n  t h e  c i r c u l a r  s l i d e  t r a y  of  a modified 35 nun s l i d e  p r o j e c t o r .  The t a r g e t  t o  b e  
bombarded i s  dropped i n t o  t h e  proton beam by t h e  automatic  mechanism of t h e  
p r o j e c t o r .  A v a r i e t y  of f i l t e r s  can be i n s e r t e d  between t h e  t a r g e t  and t h e  
d e t e c t o r  by remote c o n t r o l  t o  reduce the  i n t e n s i t y  of abundant x rays  which would 
i n t e r f e r e  w i t h  t h e  a n a l y s i s  of t r a c e  elements .  The x rays  pass  through a 0.025 m 
p l a s t i c  window on t h e  t a r g e t  chamber and a 0.025 nun Be window on t h e  d e t e c t o r  
c r y o s t a t .  

Detector  and e l e c t r o n i c s .  A S i - L i  d e t e c t o r  (1 cm diameter  and 3 nun t h i c k )  
provides  170 e V  energy  r e s o l u t i o n  f o r  5.9 keV x rays .  
provides  2.0 keV r e s o l u t i o n  f o r  1.33 MeV y rays .  
absorbed i n  t h e  d e t e c t o r ,  a l l  of t h e  x-ray energy i s  converted i n t o  an e l e c t r i c a l  
p u l s e .  However it is a l s o  p o s s i b l e  f o r  a S i  x r a y ,  c r e a t e d  i n  t h e  d e t e c t i o n  
process ,  t o  escape  from t h e  d e t e c t o r .  These " s i l i c o n  escape" events  c r e a t e  f a l s e  
peaks i n  t h e  x- ray  spectrum. I t  i s  a l s o  p o s s i b l e  f o r  e l e c t r o n s  r e l e a s e d  i n  t h e  
d e t e c t o r  process  t o  leave  t h e  s u r f a c e  of t h e  d e t e c t o r .  These events  produce a 
smal l  t a i l  on the  low energy s i d e  of peaks i n  t h e  x-ray spectrum. The computer 
must be a b l e  t o  c o r r e c t  f o r  t h e s e  two imperfec t ions  i n  t h e  d e t e c t o r  response  i n  
o r d e r  t o  g e t  a c c u r a t e  a n a l y t i c a l  r e s u l t s .  

A 40 cm3 Ge-Li d e t e c t o r  
Normally when an x r a y  i s  

The e l e c t r i c a l  s i g n a l  from t h e  d e t e c t o r  i s  ampl i f ied  and passed through a 
n o i s e  f i l t e r  which is e s s e n t i a l  f o r  good energy r e s o l u t i o n .  F i f t y  microseconds a r e  
r e q u i r e d  f o r  t h e  n o i s e  f i l t e r  t o  process  each x r a y  pulse .  I f  a second x r a y  i s  
d e t e c t e d  w h i l e  t h e  f i l t e r  s t i l l  conta ins  a preceding x r a y ,  t h e  energy of both x 
r a y s  i s  d i s t o r t e d .  This  problem i s  g r e a t l y  reduced i n  our  system by swi tch ing  t h e  
pro ton  beam o f f  of the t a r g e t  s h o r t l y  a f t e r  the  f i r s t  x ray  i s  d e t e c t e d .  A s  soon 
a s  t h e  noise  f i l t e r  h a s  processed t h e  x r a y  pulse ,  the  beam i s  a u t o m a t i c a l l y  
r e t u r n e d  t o  t h e  t a r g e t  t o  produce a new x ray .  

Even though the beam swi tch ing  t ime i s  less than 0.5 p s e c ,  t h e r e  i s  s t i l l  a 
s m a l l  p r o b a b i l i t y  t h a t  a second x r a y  w i l l  b e  produced b e f o r e  t h e  beam i s  removed 
from t h e  t a r g e t .  When two x ray  pulses  p i l e  up i n  t h e  f i l t e r  a s i n g l e  p u l s e  i s  
produced which cor responds  t o  t h e  sum of t h e  energy of t h e  two x rays .  We have 
developed a c i r c u i t  which recognizes  p i l e - u p  events  and r e j e c t s  them u n l e s s  t h e  
second x r a y  i s  e m i t t e d  w i t h i n  0.05 p s e c  of the f i r s t  x ray .  
"simultaneous" p i l e - u p  e v e n t s  a r e  r a r e ,  s o  they u s u a l l y  do n o t  p r e s e n t  a s i g n i f i -  
c a n t  l i m i t  on the  a n a l y s i s .  

These remaining 

The t a s k  of  s e p a r a t i n g  events  which come from two x r a y s  of s i m i l a r  energy 
i s  g r e a t l y  s i m p l i f i e d  i f  t h e  energy c a l i b r a t i o n  of t h e  e l e c t r o n i c  system i s  very  
s t a b l e .  The energy c a l i b r a t i o n  i s  always a f u n c t i o n  of t h e  count ing r a t e  i n  t h e  
d e t e c t o r .  Our system has c o r r e c t i o n  c i r c u i t s  (Kevex Model 4532P P u l s e  Processor )  
which l i m i t  t h e  c a l i b r a t i o n  v a r i a t i o n  t o  less than  0.01% f o r  count ing  r a t e s  up t o  
104 x rays p e r  second.  

The proton beam i s  co l l imated  so t h a t  a l l  p ro tons  which e n t e r  t h e  t a r g e t  
chamber must pass through t h e  t a r g e t .  The t o t a l  charge which i s  accumulated i n  t h e  
chamber dur ing  a measurement i s  recorded by a d i g i t a l  c u r r e n t  i n t e g r a t o r  (Ortec 
Model 439) and s t o r e d  i n  t h e  computer. The q u a n t i t y  of charge on each pro ton  i s  
w e l l  known, so t h e  computer conver t s  t h e  t o t a l  charge  i n t o  number of pro tons  
pass ing  through t h e  sample. The computer a l s o  c o r r e c t s  f o r  t h e  number of events  
l o s t  due t o  p i l e - u p  ( t y p i c a l l y  less than 3%). 
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Computer processing.  The a n a l y s i s  process  i s  monitored and t h e  computer i s  
c o n t r o l l e d  with an i n t e r a c t i v e  video d i s p l a y .  The f i r s t  s t e p  i n  t h e  a n a l y s i s  
process  i s  t o  s u b t r a c t  background r a d i a t i o n .  Many experimental  background spectrum 
a r e  s t o r e d  on a magnetic d i s k .  The o p e r a t o r  s e l e c t s  a background spectrum which 
r e p r e s e n t s  t h e  h o s t  m a t e r i a l  of t h e  t a r g e t  being analyzed.  The computer a d j u s t s  
t h e  background t o  match t h e  t a r g e t  inc luding  t h e  e f f e c t  of  t h e  p e a k - t a i l s  descr ibed  
above. 
t h e  experimental  d a t a .  Usual ly ,  t h e  computer genera ted  background a c c u r a t e l y  
descr ibes  t h e  a c t u a l  background from t h e  sample, b u t  t h e  o p e r a t o r  can i n s t r u c t  t h e  
computer t o  r e f i n e  t h e  background by c o n t a c t i n g  t h e  d i s p l a y  with a " l i g h t  pen". 

The background is then  d isp layed  on  t h e  video monitor  a s  a n  over lay  on 

The computer a l s o  has  s t o r e d  experimental  d a t a  which d e s c r i b e  t h e  shape and 
t h e  p o s i t i o n  of t h e  c h a r a c t e r i s t i c  x-ray peaks i n  t h e  spectrum. 
imperfec t ions  i n  t h e  d e t e c t o r  response a r e  smal l ,  they can be important  f o r  l a r g e  
peaks. The computer l o c a t e s  la rge  peaks and i d e n t i f i e s  t h e i r  t a i l s  and t h e  f a l s e  
peaks t h a t  a r e  produced by Si -escape  x rays .  Very l a r g e  peaks can a l s o  produce 
f a l s e  peaks due t o  s imultaneous p i le -up .  The computer inc ludes  t h e s e  ref inements  
and performs a l e a s t  square  f i t  t o  t h e  d a t a  t o  determine t h e  number of  x r a y s  a t  
each energy of  i n t e r e s t .  
knowledge of  t h e  shape of t h e  c h a r a c t e r i s t i c  x- ray  peaks, and t h e  c a r e f u l  t reatment  
of imperfec t ions  and f a l s e  peaks a r e  a l l  e s s e n t i a l  f a c t o r s  f o r  a c c u r a t e  a n a l y t i c a l  
r e s u l t s .  

Even though t h e  

The s t a b i l i t y  of t h e  energy c a l i b r a t i o n ,  t h e  advanced 

A t y p i c a l  spectrum f o r  t h e  lower energy p o r t i o n  of a c o a l  a s h  sample i s  
shown i n  F i g u r e  1. The r e s u l t s  of  t h e  computer f i t  i s  d isp layed  on  t h e  video 
monitor  as  an over lay  on t h e  d a t a .  
which has been missed o r  i n c o r r e c t l y  i n s e r t e d  and i n s t r u c t  t h e  computer wi th  t h e  
l i g h t  pen t o  r e f i n e  t h e  f i t  t o  the  d a t a .  

The o p e r a t o r  can e a s i l y  recognize any element 

Most e lements  e m i t  two o r  more x r a y s  ( f o r  example, n o t i c e  t h e  two peaks 
from S r  i d e n t i f i e d  i n  F igure  1). The r e l a t i v e  heighcs of  t h e s e  peaks have a l l  been 
measured exper imenta l ly  f o r  s i n g l e  element c a l i b r a t i o n  t a r g e t s .  The computer 
checks t h a t  t h e  f i t  to t h e  sample d a t a  agrees  with t h e s e  s tandards .  
a l s o  looks f o r  p o s s i b l e  sources  of e r r o r  due t o  two x rays  which have approximately 
t h e  same energy. A l l  of t h i s  information i s  p r i n t e d  out  f o r  t h e  o p e r a t o r  t o  
e v a l u a t e  t h e  r e l i a b i l i t y  of  t h e  a n a l y s i s .  

The computer 

A f t e r  t h e  o p e r a t o r  has  approved t h e  a n a l y s i s  of a sample, t h e  computer u s e s  
t h e  number of protons passed through t h e  t a r g e t  and s t o r e d  c a l i b r a t i o n  t a b l e s  f o r  
t h e  proton energy and f i l t e r  condi t ions  t o  determine the  weight of each element i n  
t h e  sample. These weights  a r e  d iv ided  by t h e  t o t a l  sample weight t o  c a l c u l a t e  the 
f r a c t i o n a l  weight of  each element. 

System c a l i b r a t i o n .  The b a s i c  r e l a t i o n  which must be known t o  o b t a i n  
a n a l y t i c  r e s u l t s  i s  t h e  number of  x rays  d e t e c t e d ,  per  u n i t  of pro tons ,  p e r  u n i t  
of  weight o f  t h e  element. This  x- ray  y i e l d  has  been measured f o r  a f i x e d  d e t e c t o r  
p o s i t i o n ,  f o r  each proton energy, and each f i l t e r  condi t ion .  Thin f i l m  c a l i b r a t o r s  
( t y p i c a l l y  100 ILgrarns/cm2) are used so  t h a t  i t  i s  n o t  necessary  t o  c o r r e c t  f o r  
slowing down of t h e  protons o r  x-ray a b s o r p t i o n  i n  t h e  c a l i b r a t o r s .  T h i r t y  m e t a l  
f i l m s  of known weight depos i ted  on Mylar were obta ined  from Micromater I n c .  
f i v e  c a l i b r a t o r s  were made i n  our  l a b o r a t o r y  from commercial atomic a b s o r p t i o n  
l i q u i d  s tandards .  The x-ray y i e l d  i s  a s lowly  varying f u n c t i o n  of atomic number. 
The r e s u l t s  of  y i e l d  measurements f o r  each proton energy and f i l t e r  c o n d i t i o n  were 
l e a s t  square  f i t  t o  a n  a l g e b r a i c  f u n c t i o n  t o  o b t a i n  y i e l d  curves  f o r  a l l  elements  
from A 1  t o  Pu. The RMS d e v i a t i o n  of  t h e  i n d i v i d u a l  measurements around t h e  b e s t -  
f i t  func t ion  was t y p i c a l l y  3%. Gamma-ray y i e l d s  were measured f o r  each l i g h t  
element t h a t  i s  d e t e c t e d  by y rays.  

T h i r t y  
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Limi ta t ions  t o  a n a l v s i s .  A s  noted above t h e  x-ray count ing  rate i s  l i m i t e d  
by t h e  n o i s e  f i l t e r  which i s  e s s e n t i a l  f o r  good energy r e s o l u t i o n .  Thus t h e  number 
of  x rays  t h a t  can be  observed from t r a c e  elements  i n  a f i x e d  t i m e  per iod  w i l l  be  
l i m i t e d  by i n t e n s e  r a d i a t i o n  from an abundant element. Analysis  c o s t  a r e  d i r e c t l y  
e f f e c t e d  by bombardment t i m e ,  so t h e  most p r a c t i c a l  s o l u t i o n  is  t o  reduce t h e  
i n t e n s i t y  o f  the  dominant r a d i a t i o n  wi th  a n  absorber .  Energy s e l e c t i v e  f i l t e r s  
can be u s e f u l  f o r  s p e c i a l  problems, b u t  t h e  b e s t  g e n e r a l  technique i s  t o  s e l e c t  a 
material where t h e  p r o b a b i l i t y  of a b s o r p t i o n  decreases  r a p i d l y  wi th  i n c r e a s i n g  
energy.  The unwanted x ray  can be c o n t r o l l e d ,  b u t  a l l  lower energy x rays  w i l l  be  
l o s t .  However, h igher  energy x rays w i l l  b e  r e t a i n e d  wi th  minimum loss.  Carbon 
i s  a good f i l t e r  m a t e r i a l  and it i s  convenient ly  a v a i l a b l e  i n  t h i n  p l a s t i c  f i l m s .  

For c o a l  samples we  d e t e c t  a l l  e lements  h e a v i e r  than  Fe wi th  4 M e V  protons 
and a 5 mm t h i c k  p l a s t i c  f i l t e r  t o  absorb Fe  x rays .  Elements from A 1  t o  Fe  a r e  
observed i n  a s e p a r a t e  measurement wi th  2 . 5  MeV pro tons .  There i s  some x-ray 
absorp t ion  due t o  t h e  windows which s e p a r a t e  t h e  t a r g e t  and d e t e c t o r .  It would n o t  
be  d e s i r a b l e  t o  e l i m i n a t e  t h e s e  windows because they prevent  s c a t t e r e d  protons 
from reaching  t h e  x-ray d e t e c t o r .  
l i m i t  t h e  d a t a  ra te  t h a t  can be obta ined  f o r  l i g h t  e lements .  However, l i g h t  
e lements  a r e  f r e q u e n t l y  r e l a t i v e l y  abundant and t h e i r  x-ray y i e l d s  are l a r g e  so 
good r e s u l t s  can be obta ined  f o r  most e lements .  

The h i g h  i n t e n s i t y  x r a y s  from Fe  and S i n  c o a l  

I n  some cases  an i n t e n s e  x ray  from and abundant element o r  a f a l s e  peak 
due t o  s imultaneous p i le -up  w i l l  have approximately t h e  same energy as  a low 
i n t e n s i t y  x ray  from a t r a c e  element .  Then t h e  s e n s i t i v i t y  f o r  t h a t  t r a c e  element 
w i l l  be l imi ted  t o  a f r a c t i o n  of  t h e  abundant e lement .  These l i m i t a t i o n s  are 
p r e d i c t a b l e  s o  they  can  be included i n  t h e  s p e c i f i c a t i o n s  f o r  PIXE a n a l y s i s .  

Detect ion l i m i t s .  The s e n s i t i v i t y  i s  determined pr imar i ly  by t h e  t i m e  t h a t  
t h e  t a r g e t  i s  exposed t o  t h e  proton beam. Other  s i g n i f i c a n t  f a c t o r s  a r e  background 
r a d i a t i o n ,  t h e  presence of e lements  i n  h igh  concent ra t ion ,  and energy i n t e r f e r e n c e  
for a few elements. The d e t e c t i o n  l i m i t  i s  r e l a t i v e l y  poor f o r  P (approximately 
250 ppm) but  i t  r a p i d l y  improves t o  approximately 2 ppm f o r  C r ,  Mn, and Fe. The 
d e t e c t i o n  l i m i t  i s  approximately 1 ppm f o r  most e lements  from Co t o  I ,  approxi-  
mately 10 ppm f o r  t h e  rare-earth e lements ,  and t y p i c a l l y  3 ppm f o r  t h e  heavy metals 
up t o  Pu. The d e t e c t i o n  l i m i t  us ing  y rays f o r  t h e  l i g h t  elements L i ,  B ,  F ,  Na, 
Mg, A l ,  and S i  is u s u a l l y  a few ppm. 

Resul t s  ob ta ined  f o r  t h e  a n a l y s i s  of  NBS s tandard  r e f e r e n c e  m a t e r i a l  
1632 (coa l )  a r e  g iven  i n  Table  1. The c o s t  f o r  t h i s  type of a n a l y s i s  would be 
$30 t o  $80 p e r  sample depending on t h e  number of  samples t h a t  were analyzed.  

In summary, PLXE i s  a powerful technique  f o r  mul t ie lementa l  a n a l y s i s  of a 
wide v a r i e t y  of samples. Very l i g h t  e lements  can be observed by d e t e c t i n g  y rays  
and x rays i n  t h e  same experiment. Although t h e  o r i g i n a l  c o s t  of t h e  equipment i s  
very  l a r g e ,  t h e r e  a r e  many l a b o r a t o r i e s  which a l r e a d y  have t h e  requi red  f a c i l i t i e s .  
A f t e r  t h e  system i s  developed t h e  c o s t  o f  a n a l y s i s  is  low compared t o  o t h e r  
mul t ie lementa l  techniques of comparable s e n s i t i v i t y .  
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Table 1 

Analysis  of  NBS Standard Reference M a t e r i a l  1632 (Coal) by PIXE 

R e s u l t s  g iven  i n  p a r t s  per  m i l l i o n  by weight 

Purdue NBS 
PIXE Value 

N hN N AN 
Element 

R e s u l t  Uncer ta in ty  

A 1  17600 1500 
S i  34000 4000 32000 
S 11300 1000 
c1 850 80 
K 2540 250 
C a  3500 300 
T i  890 90 800 
V 35  3 35 3 
C r  17 3 20.2 . 5  
Mn 36 3 40 3 
F e  7900 800 8700 300 
c o  10 6 6 
N i  15.6 1.5 15 1 
cu 16 1.5 18 2 
Zn 33 3 37 4 
Ga 5.3 0.5 
G e  2.4 0.3 
A s  5.0 1 5.9 .6 
S e  3.0 .3 2.9 . 3  
Br 20.5 1 
Rb 18.9 1 
Sr 140 10 
Y 7.5 .5 
Z r  35.5 1.5 
Nb 2 .2  0.5 
Mo 2.2 0.5 
Ag h .3 5: 0.1 
Cd 0.5 0.3 .19 .03 
Sb 3.0 1 
Ba 3 10 30  
La 15 5 
Hg < 1  .12 .02 
Pb 23 4 30 9 
Th 3.7 1 3.0 
u 2 . 1  1 1.4 .1 
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